Many important reactions involving colloidal suspensions are rapid. Here, we introduce the application of a technique capable of rapidly measuring a reactant species (within 20 ms after the reaction initiation) in situ: an electron paramagnetic resonance spectroscopically monitored stopped-flow method (EPR-SF). The utility of this technique is demonstrated by investigating the sorption of Mn 2+ on SMnOj. The sorption reaction was complete in <1 s, with >80% of the Mn 2+ being sorbed within 200 ms. A first-order rate dependence on Mn 2+ was observed. Measurement of the initial reaction rate allowed the forward (sorption) rate constant to be determined (k r -3.74 x 10~3 s~'), and the reverse (desorption) rate constant was determined using an integrated reversible first-order rate expression (k, = 3.08 x 1Q-4 s~'). Using these rate constants, the predicted time dependence of Mn 2+ sorption was in good agreement with the measured sorption rate. The results indicate that chemical kinetics are being measured that allow determination of precise reaction rates and mechanisms.
D ETERMINING REACTION RATES and mechanisms is
essential for understanding chemical processes (Sparks, 1989) . Advances in methodologies have allowed investigation of many rapid reactions in gas, solution, and solid phases. Few methods exist, however, for measurement of rapid reactions of colloidal suspensions. Many techniques that are currently used to study colloidal suspensions measure both physical (i.e., transport or diffusion) and chemical phenomena simultaneously, which greatly complicates the measurement of elementary reactions or rate-controlling processes. Moreover, apparent rate laws and parameters are measured. Measuring chemical kinetics allows one to ascertain reaction rates and mechanisms, knowledge of which is necessary to understand, predict, and control reaction pathways. Reactions of colloidal suspensions are of interest to scientists in an array of fields: catalysis, electrochemistry, and environmental and soil chemistry. Therefore, it is impor-tant to develop methods that are capable of measuring chemical kinetics in such systems. In this study, we demonstrate the application of an EPR-SF kinetic technique that, for an EPR-active metal species, enables the rapid and direct in situ detection of reactions in a colloidal suspension.
To obtain chemical kinetic information, a technique must be able to monitor a reaction during the time frame in which it occurs while minimizing the effects of diffusion on the reaction rate. However, many soil chemical processes are rapid, precluding the use of traditional batch or flow techniques (Sparks, 1989) . Filtration of suspensions prior to analysis has been extensively used to monitor the solution components of suspensions, but the time for filtration itself often limits the study of rapid reactions. Chemical relaxation techniques have been used to investigate suspension reactions by monitoring a system parameter related to a species concentration (e.g., electrical conductivity) that is not adversely affected by the presence of colloidal material (Ikeda et al., 1983 (Ikeda et al., , 1984 Hayes and Leckie, 1986; Zhang and Sparks, 1990) . With many of these techniques, however, the reaction must be fully reversible, reactant species are not directly measured, and rate constants are determined from linearized rate equations that often are dependent on equilibrium parameters. Since the stopped-flow mixing can be carried out <20 ms (and EPR signal digitized within a few microseconds), the EPR-SF technique eliminates the conventional limitations of measuring colloidal reactions, allowing rapid direct measurement of a reactant species in situ.
Stopped-flow kinetic methods have found limited use in colloidal chemistry (Ikeda et al., 1984) . These methods, however, have been employed to study biochemical reactions, and EPR spectroscopically measured stopped flow kinetics has been applied to the study of biological solution chemistry (Klimes et al., 1980; Stach et al., 1985) . Klimes et al. (1980) found that the time-limiting factor in EPR-SF was the mixing rate of the stopped-flow cell. The time resolution of stopped-flow mixing is generally < 20 ms with mix-58 SOIL SCI. SOC. AM. J., VOL. 57, JANUARY-FEBRUARY 1993 ing efficiency of 90% or greater (Klimes et al., 1980; Ikeda et al., 1984) , and has been reduced to 1 ms for an electromagnetically driven accelerated-flow system (Stach et al., 1985) . Therefore, EPR-SF is capable of monitoring reactions with a half-life > 20 ms.
The EPR-SF technique offers many advantages for studying sorption reactions that have an EPR-detectable constituent of interest. Many organic molecules (especially free radicals), in addition to Mn 2+ and Cu 2+ , are EPR active and of interest to soil and environmental scientists; a host of other constituents are EPR active and of possible interest in other chemical fields.
For an EPR-active (paramagnetic) species, the unpaired electron spin moment interacts with a magnetic field, which gives rise to different energy states; this in turn allows energy in the microwave frequency to be absorbed by the species, which can then be measured (Drago, 1977) . A species that is EPR active in solution often may not be EPR active when it is in a sorbed state due to rapid spin relaxation pathways, or the spectra may be broadened to the point where they contribute insignificantly to the signal intensity (McBride, 1982; Bleam and McBride, 1986) . Consequently, the sorption of an EPR-active species can be monitored by the reduction in signal intensity, which allows one to determine sorption kinetics. In addition, desorption kinetics can also be measured by monitoring the signal intensity after a sudden decrease in the sorptive concentration of the suspension (i.e., after the solution concentration undergoes a perturbation and is decreased, the system readjusts to the new equilibrium by desorbing surface-bound species, which can thus be measured as a function of time). Electron paramagnetic resonance spectroscopy has been extensively used to investigate sorption and oxidation reactions on soil constituents (Clementz et al., 1973; McBride, 1982 McBride, , 1987 McBride, , 1989 Bleam and McBride, 1986) . However, EPR has not been applied to kinetic investigations of colloidal materials.
The binding of solution species to solid surfaces present in soil and water systems is a primary determinant in the behavior of many substances. Such processes can tie up plant nutrients, remove hazardous contaminants, and modify mineral surfaces. Manganese 2 * is a model EPR-active species; hence, for reactions in which this ion is involved, EPR-SF kinetics is ideal. The intent of this study was to develop a stopped-flow kinetic technique monitored by EPR spectroscopy that could directly measure rapid reaction rates. Here, we used Mn 2+ sorption on 5-MnO 2 to demonstrate the utility of this technique for the study of colloidal reactions, but this technique is suitable for any EPR-active species. In addition to monitoring sorption-desorption reactions, this technique is also capable of measuring redox reactions involving Mn oxides, as Mn 2+ is liberated during such processes. We are currently using this technique to investigate reactions of this type. iable-temperature aqueous mixing cell) is located in the EPR spectrometer, allowing EPR detection of the cell contents. A single outflow port is fitted with a 2-mL effluent collection syringe equipped with a triggering switch. The triggering switch activates the data acquisition system (Microstar Electronics, Redmind, WA, Model DAP 2400 data acquisition processor board mounted in an IBM Model AT). Each run consists of filling the in-port syringes with the desired reactants, flushing the system with the reactants several times, and finally initiating and monitoring the reaction. Consecutive runs can be conducted with the same reactants simply by repeating this procedure.
MATERIALS AND METHODS
To obtain quantitative information on Mn 2+ , the EPR cell was filled with a known concentration of Mn 2+ (in the absence of colloidal material). The magnetic field was then swept, resulting in the Mn 2+ hyperfine sextet structure (inset in Fig. 2 ).
The magnetic field was centered at the down-field peak for quantitative measurement of the Mn 2+ present in solution. Known solution concentrations of Mn 2+ were used to relate the EPR signal with the Mn 2+ concentration. Figure 2 shows the linear relationship between the EPR signal and Mn 2+ concentration within the range of 5 to 500 juA/ Mn 2+ . 
FENDORF ET AL.: KINETICS OF MANGANESE SORPTION-DESORPTION ON BIRNESSITE 59
For the sorption reaction, we used 50 or 80 ^lM Mn 2+ in reactant syringe 1, and 1 g/L MnO 2 (synthetic birnessite) in reactant syringe 2. The Mn 2+ solutions were made from their NO 3 salts with N 2 (g)-saturated deionized water. The properties of the oxide are given elsewhere (Fendorf and Zasoski, 1991) . Equal volumes from each syringe are injected into the mixing cell, yielding initial reactant concentrations of 25 and 40 pM Mn 2+ and 0.5 g/L MnO 2 . At least four runs were signal averaged to yield the final data presented in this research. The reactions were carried out at pH = 5.0 in 0.001 M NaNO 3 , and pH was maintained constant with a 0.001 M acetate buffer (experimental runs were conducted with and without the acetate buffer and did not differ appreciably). The particle size of the oxide was <2/jt,m and a stable suspension was formed at this ionic strength for times well exceeding the experimental run time.
RESULTS AND DISCUSSION
Chemical kinetics gives mechanistic information about a reaction by allowing one to hypothesize a reaction mechanism that can be tested with experimental data. At pH = 5, the following complexation reaction of Mn 2+ on S-MnO 2 is suggested for low Mn 2+ surface loadings:
Where, [Mn 2+ ] is the solution concentration of Mn 2+ , 5-is the surface site, 5-Mn is the complexed (sorbed) Mn 2+ , k t is the forward (sorption) rate constant, and k r is the reverse (desorption) rate constant. Recently, Hiemstra et al. (1989a,b) have used surface structural crystallographic considerations to determine proton affinities of oxides. Three primary surface site types were evaluated, of which the O(H) surface group is either singly, doubly, or triply coordinated by the central cation of the oxide. The proton affinities of these sites are dramatically different due to their differing coordination environments. For MnO 2 , in which Mn (the central cation) is coordinated by six O, two surface types are reactive under normal pH ranges: singly coordinated O(H) and doubly coordinated 0(H) groups. At pH = 5, based on the ZPC of this oxide (ZPC = 2.8; Fendorf and Zasoski, 1992) and known proton affinities (Balistrieri and Murray, 1982; Hiemstra et al., 1989b) , the singly coordinated groups are protonated and the doubly coordinated groups are deprotonated (oxo), as depicted in the following protonation reactions: ). On the dominant (010) surface plane of 5-MnO 2 , these two types of sites are adjacent to one another (Arrhenius et al., 1979; Potter and Rossman, 1979) . Therefore, at pH 5, bidentate complexation of Mn 2+ (Balistrieri and Murray, 1982; Morgan and Stumm, 1964) would displace one proton -in agreement with empirical observations (Morgan and Stumm, 1964) . Figure 3 illustrates the surface structure of the (010) (Bleam and McBride, 1986) . Under the reaction conditions employed in this study, however, cluster formation would not be expected. Charge balance in this system would be maintained by the back- 
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In the overall sorption reaction, one proton is thus released for each Mn 2+ sorbed at pH 5 after steady-state conditions have been reached (Morgan and Stumm, 1964) . The forward (sorption) reaction would thus not be influenced by H + , provided the surface functional groups are not altered. By maintaining a constant pH, the H + term in the reverse (desorption) rate expression can be incorporated into the reaction coefficient. This was the case in our experiments. In addition, the release of surface H + is often considered to be a slow structural rearrangement of the solid phase (Dzombak and Morel, 1990) , and thus would not enter into the rapid sorption mechanism investigated in this research. Furthermore, the reaction rate was not influenced by further increases in solution pH to pH = 6. Thus, the forward reaction should be dependent on [ -(*;/*;»= -Unfortunately, k t ' and k r ' cannot be independently determined solely from rate information on the sorption of Mn 2+ (one equation, two unknowns) without a further simplifying assumption. If one assumes that at the onset of the reaction the initial reaction rate will be dominated by the forward reaction, and the initial reaction rate can be accurately measured, then the forward rate constant can be ascertained using a first-order nonreversible analysis (in which k f ' can be determined from the time-dependent Mn 2+ sorption data). The reverse reaction rate constant, k,' can then be calculated using k f ' and the integrated expression for a reversible first-order reaction (Eq. [6]).
The following discussion uses this approach to determine the forward and reverse rate constants for Mn sorption as a function of time. Thus, once the rate constants are determined, the validity of the above approach can be verified by predicting the time dependence of Mn 2+ sorption and comparing the predicted trends with those that are measured.
Because the forward rate is much greater at the onset of the reaction, measuring initial reaction rates should allow one to measure only the forward (sorption) rate constant, fc f . For the system parameters defined previously and a site density of 12 sites/nm 2 (Morgan and Stumm, 1964), the number of sorption sites would be at least two orders of magnitude greater (> 100 x) than the number of Mn 2+ ions present, even at the highest Mn 2+ concentration.
The following reaction is hypothesized to represent the contributing species of reaction [1] for the sorption of Mn 2+ by MnO 2 (i.e., for the initial reaction rate and conditions employed in this study):
Reaction [7] is valid far from equilibrium where RSO^UM » ^desorption (where R is the reaction rate,
The rate dependence can be described as
The first-order dependence of [Mn 2+ ] can be evaluated using the integrated form of Eq. Under pseudo-first-order conditions for [Mn 2+ ], the time dependence of [Mn 2+ ] is thus given by Eq.
[9]. Therefore, if the reaction is assumed to be nonreversible (which should be the case at the onset of the sorption reaction) and first order in [Mn 2+ ], a semilog plot of [Mn] , vs. t should result in a straight line with the slope = fc/2.303, and log [Mn 2+ ] 0 being the intercept. Obtaining a linear plot based on Eq. [9], however, is necessary but not definitive proof that the reaction is first order (Sparks, 1989) . If the reaction is truly first order, the rate constant should not vary with the concentration of Mn 2+ . This provides a good test for a proposed reaction order; if the reaction is first-order, the slope of the semilog plot should remain unchanged with varying [Mn 2+ ]. In order to deduce mechanistic information on the sorption of Mn 2+ on S-MnO 2 and to confirm the reaction order, two initial concentrations of Mn 2+ were used, 40 and 25 fjM. Figure 4 illustrates the typically observed decay of solution Mn 2+ as a function of time. Here, data were taken every 50/AS and 100 points were averaged to give the time-dependent sorption of Mn 2+ as shown (Fig.  4) The validation of reaction [7] as a first-order elementary reaction indicates that chemical kinetics were measured; thus, transport phenomena were not rate limiting. If diffusion processes were influencing the reaction rate, or if an incorrect reaction order was assumed, then a deviation from linearity in the semilog plot depicted in Fig. 4 (Sparks, 1989) .
Although the EPR-SF technique is limited to paramagnetic species, there are many agriculturally and environmentally significant species that are EPR active. The EPR-SF technique provides many advantages for studying soil chemical reactions: (i) it allows direct measurement of surface reactions involving EPR-active ions, (ii) rate constants and equilibria are thus accurately determined from direct measurements, and (iii) reaction mechanisms, necessary to determine the fate of environmental constituents, can be elucidated. Therefore, we feel that this simple yet elegant kinetic technique has great potential for studying many soil and colloidal surface reactions.
In this study, we used EPR spectroscopy only to quantitatively measure solution Mn 2+ , but, depending on one's objectives, EPR spectroscopy can also be used to obtain surface information. The time necessary for a complete magnetic sweep would be prohibitive for rapid reaction measurements, thus reducing the extent of time-dependent surface information that may be obtained for such reactions (although slower reactions may be monitored continually with complete EPR spectra). Spectra can be taken prior to reaction, however, and at a steady state after reaction, giving information on surface structural alterations induced by the reaction being investigated. Such information would greatly complement many kinetic investigations.
